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ComX pheromone is an isoprenoidal oligopeptide containing a modiﬁed tryptophan residue, which
stimulates natural genetic competence in the gram-positive bacterium Bacillus. Since posttransla-
tional prenylation on the tryptophan residue has not been reported except in ComX pheromone,
the universality of this modiﬁcation has not yet been elucidated. In this paper, we established a
cell-free system, whereby the tryptophan residue in peptides is modiﬁed with a geranyl group by
modifying enzyme ComQ. In addition, we investigated enzymatic reaction conditions using an
in vitro enzyme reaction system. This is the ﬁrst report of in vitro geranylation on the tryptophan
residue. This system is potentially a useful tool for elucidating the universality of prenylation on
the tryptophan residue.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Quorum sensing is a gene regulation system that is dependent
upon bacterial cell density [1]. The phenomena caused by quorum
sensing include acquisition of virulence, bioluminescence, and ge-
netic competence [2]. Bacteria secrete speciﬁc pheromones called
autoinducers, which they utilize to sense their cell density. Con-
centrations of autoinducers increase with increasing bacterial den-
sity. The quorum sensing mechanism is activated when
autoinducer concentrations reach threshold levels.
Bacillus subtilis and related bacilli produce ComX pheromone,
which stimulates natural genetic competence controlled by quo-
rum sensing [3]. A speciﬁc characteristic of ComX pheromone is
an oligopeptide that contains a modiﬁed tryptophan residue. Post-
translational modiﬁcations of ComX pheromones are classiﬁed intochemical Societies. Published by E
thyl)-1-piperazineethanesulf-
opropanesulfonic acid; CHES,
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gami).two types: geranylation and farnesylation. For example, ComXRO-E-
2 pheromone derived from the B. subtilis strain RO-E-2 is a hexa-
peptide possessing geranyl-modiﬁed tryptophan residue (Fig. 1A)
[4], and ComXRO-C-2 pheromone derived from the Bacillus mojaven-
sis strain RO-C-2 is a hexapeptide possessing farnesyl-modiﬁed
tryptophan residue [5]. It is supposed that other ComX phero-
mones from other strains have either geranyl- or farnesyl-modiﬁed
tryptophan residues. These posttranslational modiﬁcations result
in the formation of a tricyclic structure, a newly formed ﬁve-mem-
bered ring. Modiﬁcation of ComX pheromone is important with re-
spect to biological activity [6–9].
The biosynthetic pathways of ComX pheromones are as follows
[10]. ComX pheromones are biosynthesized as precursor polypep-
tides (e.g., ComXRO-E-2 pheromone precursor contains 58 amino
acids; Fig. 1B) in cells. ComX pheromone precursors are processed
and modiﬁed by modifying enzyme ComQ to produce mature
ComX pheromone. Thus, ComQ plays an important role in prenyl-
ation on the tryptophan residue.
ComQ is classiﬁed as an isoprenyl transferase and catalyzes pre-
nylation on ComX pheromone. The mass of this enzyme is around
32–35 kDa (e.g., the mass of ComQRO-E-2 is approximately 32 kDa),
and ComQ is predicted to localize to the cell membrane [11,12]. A
homology search revealed that ComQ has the highest similarity tolsevier B.V. All rights reserved.
Fig. 1. (A) Chemical structure of ComXRO-E-2 pheromone. Bold Trp⁄(Ger) represents
the modiﬁed tryptophan residue with geranyl group in ComXRO-E-2 pheromone
(bold lines). (B) Amino acid sequence of ComXRO-E-2 pheromone precursor. Bold G,
asterisk, and underline represent the glycine residue labeled with two carbon 13,
geranyl-modiﬁed tryptophan residue, and mature ComXRO-E-2 pheromone,
respectively.
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of Methanobacterium thermoautotrophicum [10]. This enzyme cata-
lyzes the formation of long-chain isoprenoids through the conden-
sation of isopentenyl pyrophosphate and dimethylallyl or allylic
diphosphates. IdsA has a conserved aspartic acid rich motif
‘‘DDXXD’’ (X refers to any amino acid), which is essential for cata-
lytic function and substrate binding, and interacts with magnesium
ion [13]. Because ComQ also has a well conserved ‘‘DDXXD’’ motif,
this suggests that ComQ is magnesiummetalloenzyme. In addition,
aspartic acid residue in this motif (putative isoprenoid binding do-
main) is crucial for production of ComX pheromone [10].
Farnesyltransferase (FTase), geranylgeranyltransferase type I
(GGTase-I) and Rab geranylgeranyltransferase (RabGGTase or
GGTase-II) are enzymes that have function similar to ComQ [14].
These enzymes catalyze the transfer reaction of isoprenoid moiety
to cysteine residue via a thioether linkage. These enzymes can be
classiﬁed into two groups by substrate recognition. CaaX prenyl-
transferase, consisting of FTase and GGTase-I, recognizes peptide
or protein substrates possessing a C-terminal CaaX motif [15].
CaaX motif is a consensus sequence of prenylation of cysteine res-
idue, where ‘‘a’’ refers to an aliphatic amino acid, and ‘‘X’’ refers to a
generally speciﬁc amino acid depending on the prenyltransferase.
The other group, RabGGTase, does not recognize the consensus se-
quence but recognizes overall substrate structure through binding
of an adapter protein, termed Rab escort protein (REP) [16]. In
addition, RabGGTase transfers two isoprenoid moieties to cysteine
residues in C-terminal sequence such as -CC, -CXC motif (X refers
to any amino acid). Although all enzymes are metalloenzymes,
the metal ion requirement differs. FTase, GGTase-I, and RabGGTase
require both magnesium ion and zinc ion, only zinc ion, and only
magnesium ion for enzymatic activity, respectively.
Prenylation (farnesylation and geranylgeranylation) on the cys-
teine residue catalyzed by these enzymes is a well known post-
translational modiﬁcation known as protein prenylation.
Prenylation on the cysteine residue was ﬁrst discovered in peptidal
pheromones, which induce conjugation tube formation in Basidio-
mycota, and it has been recognized as a universal posttranslational
modiﬁcation among eukaryotes [17–19]. This modiﬁcation is
thought to be involved in interaction with other proteins and cell
membrane localization [20]. In other words, prenylation is impor-
tant for the function and localization of proteins. For example, the
oncogenic forms of Ras proteins require farnesylation for theirability to transform cells [14]. Thus, FTase inhibitor is an attractive
target for cancer therapy [21]. Recently, exhaustive searches for
prenylated proteins, termed prenylome, were performed using var-
ious methods [22,23].
In contrast, posttranslational isoprenoidal modiﬁcation of the
tryptophan residue has not been reported, except ComX phero-
mone. Therefore, the universality of this modiﬁcation has not been
elucidated, nor has the consensus sequence recognized by ComQ
been deﬁned. However, because prenylation of cysteine residue
is universal in posttranslational modiﬁcations, it is very likely that
prenylated tryptophan residues are also universal. In addition,
since prenylated protein is regarded as a functional protein, as
mentioned above, to ﬁnd a protein containing a prenylated trypto-
phan residue leads to the discovery of an unknown functional pro-
tein. Due to the lability of prenylated tryptophan to heat and acidic
conditions [3,24], such proteins might have been previously over-
looked. For these reasons, it is worthwhile to elucidate the univer-
sality of prenylated tryptophan residue. However, due to extreme
polymorphism (conserved amino acid is the only modiﬁed trypto-
phan residue) in mature ComX pheromone [25,26], it is difﬁcult to
deduce the consensus sequence. On the other hand, several con-
served amino acids exist in the ComX pheromone precursor se-
quence. Therefore, we should consider not only mature ComX
pheromone but also ComX pheromone precursor in order to dis-
cover important sequences for prenylation.
In this paper, to deduce important sequences for geranylation
on the tryptophan residue, we established a cell-free system,
whereby the tryptophan residue in peptides is modiﬁed with ger-
anyl group by a crude ComQRO-E-2 enzyme. In addition, we investi-
gated various enzymatic reaction conditions using this system.2. Materials and methods
2.1. Growth conditions and general methods
Escherichia coli DH5a (Takara Bio Inc.) was used for cloning the
comQRO-E-2 gene into the pET-15b vector (Novagen), and transform-
ant was selected on Luria-Bertani (LB) agar supplemented with
ampicillin (50 lg ml1). E. coli BL21(DE3) (Takara Bio Inc.) producer
cell containing pET-15b-derived plasmids was grown in M9
minimal medium supplemented with a mix of L-amino acids (Leu,
Phe, His, Met, Ser, 40 lg ml1; Gln, 0.4 mg ml1) and ampicillin
(400 lg ml1). DNA manipulation, cloning and standard molecular
biological procedures were performed using standard protocols.
2.2. Plasmid constructions
The sequence coding for the ComQRO-E-2 was ampliﬁed by poly-
merase chain reaction (PCR) from pED413 [27] using primers
(Forward: unicomQ5a, 50-AGGAGATATACCATGGGAATGGGAGG
GGGGAAG-30 and Reverse: comQ3c, 50-TGGCTGCTGCCCATGAAG
TATACCCCTCTTTATAACTTTA-30) designated to include sequences
homologous to the vector (underlined). The ampliﬁed product was
cloned into NcoI site of pET-15b vector using the In-Fusion Cloning
System (Clontech). The sequence of constructed plasmid was con-
ﬁrmed by DNA sequencing using vector-speciﬁc primers (Forward:
pET5a, 50-ACGACTCACTATAGGGGAATTG-30 and Reverse: pET3a,
50-ATGCTAGTTATTGCTCAGCG-30).
2.3. Expression and preparation of ComQRO-E-2
E. coli BL21(DE3) producer cells containing pET-15b-derived
plasmids were grown in 100 ml of M9 minimal medium supple-
mentedwith amix of L-amino acids and ampicillin (see above), until
OD620 reached between 0.4 and 0.6. Overexpression of ComQRO-E-2
Fig. 2. (A) SDS–PAGE proﬁle of recombinant ComQRO-E-2. The gel was visualized by
CBB (Coomassie Brilliant Blue) staining. Lane 1, membrane fraction with IPTG
induction; Lane 2, membrane fraction with no induction; Lane 3, cytoplasmic
fraction with IPTG induction; Lane 4, cytoplasmic fraction with no induction. The
arrow indicates recombinant ComQRO-E-2. (B) LC–MS spectra of reaction mixture
induced with IPTG, not induced, synthetic [52–58]ComXRO-E-2 pheromone, synthetic
[53–58]ComXRO-E-2 pheromone. Divalent ions at m/z 523.3 or 522.3 (labeled or not
labeled [52–58]ComXRO-E-2 pheromone) and 459.2 or 458.2 (labeled or not labeled
[53–58]ComXRO-E-2 pheromone) were identiﬁed as the target peptide, respectively.
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(IPTG) to a ﬁnal concentration of 1 mM. After 4 h of induction, the
precipitate was collected by centrifugation for 10 min at
10000 rpm at 4 C. Precipitate was homogenized by sonication
(60 W for 1 min, 5 times) at 4 C in 1.5 mL of 25 mM Tris–HCl (pH
7.4) buffer containing 0.1 mM MgCl2, 0.1 mM ethyleneglycoltetra-
acetic acid (EGTA) (Buffer A). The slurry was ultracentrifuged at
38000 rpm for 2 h at 4 C. The precipitate was dissolved in 400 lL
of Buffer A containing n-dodecyl-b-D-maltoside (2 mg ml1) (Buffer
B). Prepared membrane fraction (crude enzyme, ComQRO-E-2) was
frozen and stocked at 80 C until use. Expression of ComQRO-E-2
was conﬁrmed by SDS–PAGE using NuPAGE 4–12% Bis–Tris Gel
(1.0 mm  12-well, Invitrogen).
2.4. Peptide synthesis
ComXRO-E-2 precursor was synthesized by the peptide synthe-
sizer (Pioneer, Applied Biosystems) using Fmoc chemistry as previ-
ously described [28]. All amino acids used were Fmoc-L-amino
acids except for 53rd Fmoc-[13C2]Gly-OH. Synthesized peptide
was cleaved with a cocktail containing TFA, m-cresol, thioanisole,
ethanedithiol, and applied to the open-column gel ﬁltration col-
umn (Sephadex G-15, GE Healthcare). Ninhydrin-positive fractions
were collected and lyophilized, then puriﬁed by HPLC with Develo-
sil ODS-HG-5 (20  250 mm, Nomura Chemical) at a ﬂow rate of
8.0 ml min1, with H2O in 0.1% triﬂuoroacetic acid (TFA) and
CH3CN in 0.1% TFA.
Puriﬁed peptide was dissolved in 5 mM dithiothreitol (DTT) to
ﬁnal concentration of 0.5 mM and stocked at 30 C until use.
2.5. In vitro geranylation and detection of geranylated peptide
In a ﬁnal volume of 50 ll, 50 lM ComXRO-E-2 precursor peptide,
200 lM geranyl pyrophosphate ammonium salt (Sigma-Aldrich)
and crude ComQRO-E-2 (7.5 ml broth eq.) were incubated in tripli-
cate for 4 h at 37 C in 50 mM HEPES–NaOH (pH 7.5) buffer con-
taining 5 mM MgCl2 and 10 lM ZnCl2 (reaction buffer). The
enzyme reaction was stopped by chilling in an ice bath and addi-
tion of 200 ll of CH3CN to the reaction mixture. The mixture was
centrifuged at 15000 rpm for 5 min at 4 C. The supernatant was
mixed with internal standard (250 lM Ala-ComXRO-E-2 [8]), and
analyzed by LC–MS (HCTplus, Bruker Daltonics) using Develosil
C30-UG-5 (0.3  150 mm, Nomura Chemical) with linear gradient
of 15–80% CH3CN/H2O containing 0.1% formic acid at a ﬂow rate
of 5.0 ll min1. Geranylated peptides were conﬁrmed by compari-
son with synthetic geranylated peptides by retention time and MS,
MS/MS. Quantiﬁcation of geranylated peptide was performed using
a standard curve of chemically synthesized peptide. The amount of
geranylated peptide is estimated from integration of the peak area.
2.6. Measurement of biological activity
Biological activity was measured by a b-galactosidase assay
using the B. subtilis tester strain, which responds to added
ComXRO-E-2 pheromone, as described previously [4,6,7,27].
2.7. Investigation of metal ion requirement
All experimental procedures are the same as the above method
except reaction time, pH in reaction buffer, and composition of
Buffer A, B and reaction buffer. To investigate the metal ion
requirement of ComQRO-E-2, Buffers A and B containing MgCl2 or
no metal were used, and the reaction mixture was incubated for
2 h in reaction buffers (pH 8.5) containing 5 mM MgCl2 and/or
400 lM ZnCl2, no metal, or no metal with 10 mM ethylenediamine-
tetraacetic acid (EDTA).3. Results and discussions
3.1. Expression and preparation of ComQRO-E-2
In order to deduce the important amino acid sequence recog-
nized by ComQRO-E-2, we tried to establish a cell-free system,
whereby the tryptophan residue in peptides is modiﬁed with ger-
anyl group by crude ComQRO-E-2.
First, we ampliﬁed the ComQRO-E-2, modifying enzyme localized
to the cell membrane, from pED413 [27], and produced recombi-
nant E. coli overexpressing ComQRO-E-2 as described in the
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E. coli overexpressing ComQRO-E-2 by sonication and ultracentrifu-
gation. Because ComQRO-E-2 was predicted to be a membrane en-
zyme, it was difﬁcult to purify with retention of enzymatic
activity. Therefore, ComQRO-E-2 was used in subsequent experi-
ments as a crude enzyme. Expression of ComQRO-E-2 was conﬁrmed
by SDS–PAGE analysis (Fig. 2A). The mass of ComQRO-E-2 was esti-
mated to be approximately 32 kDa, which was consistent with the
calculated mass (32014.65 Da) from its amino acid sequence. In
addition, ComQRO-E-2 was speciﬁcally expressed in the cell mem-
brane, which was consistent with previous reports [11,12].
3.2. In vitro geranylation
Using prepared crude ComQRO-E-2, we established a cell-free
system, whereby the tryptophan residue in precursor peptides is
modiﬁed with geranyl group as referenced with the experiment
regarding in vitro farnesylation of the cysteine residue [29]. La-
beled [1–58]ComXRO-E-2 precursor (Fig. 1B), geranyl pyrophos-
phate, and crude ComQRO-E-2 were incubated for 4 h at 37 C in
reaction buffer, and some geranylated peptides were detected by
LC–MS and MS/MS analysis (Figs. 2B and S1). As a result, the
[53–58]ComXRO-E-2 pheromone, C-terminal six-residue peptide
has been reported as a mature ComXRO-E-2 pheromone, and was a
minor product, and the [52–58]ComXRO-E-2 pheromone, C-terminal
seven-residue peptide was a main product. Though [54, 55–
58]ComXRO-E-2 pheromones, C-terminal ﬁve, four-residue peptides
were also detected, their abundance was quite small (data not
shown). The abundance ratio of [52–58]ComXRO-E-2 pheromone
and [53–58]ComXRO-E-2 pheromone was approximately 5:2.
Whereas [53, 54, 55–58]ComXRO-E-2 pheromones were detectedFig. 3. (A) Time course of in vitro geranylation. In vitro geranylation was performed in the
1, 2, and 4 h). (B) Correlation between pH and yield of [52–58]ComXRO-E-2 pheromone. In
methods except reaction time and pH in reaction mixture. Reaction mixture was incubat
9.0, 9.5, 10.0) buffer for 2 h. (C) Correlation between reaction temperature and yield of [5
as described in the Materials and methods except reaction time, reaction temperature and
50 C for 2 h in reaction buffer (pH 8.5) (D) Investigation of metal ion requirement of C
methods (see Investigation of metal ion requirement).from culture solution of ComQXRO-E-2 overexpression E. coli, [52–
58]ComXRO-E-2 pheromone was not detected [7]. The reason why
[52–58]ComXRO-E-2 pheromone was a main product on in vitro
enzymatic reaction is unclear. Due to the in vitro enzymatic reac-
tion, an unintended protease (perhaps E. coli protease localized to
the cell membrane) may have effects. It was noteworthy that
[52–58]ComXRO-E-2 pheromone exhibited the same biological
activity as [53–58]ComXRO-E-2 pheromone (EC50: 1 nM). Therefore,
there is a possibility that [52–58]ComXRO-E-2 pheromone is genuine
ComXRO-E-2 pheromone. Then, the yield of [52–58]ComXRO-E-2
pheromone was approximately 23% by calculation using standard
curve of chemically synthesized peptide. Because it was easier to
detect [52–58]ComXRO-E-2 pheromone than [53–58]ComXRO-E-2
pheromone due to the large abundance, we detected [52–
58]ComXRO-E-2 pheromone in enzymatic reactions and evaluated
the efﬁciency of geranylation.
3.3. Investigation of enzymatic reaction conditions
We investigated the efﬁciency of geranylation under various
conditions using in vitro enzymatic reactions. To determine the
optimum reaction time, substrates and modifying enzyme were
incubated for various times (0.25, 0.5, 1, 2, and 4 h), and the reac-
tion reached a plateau at 2 h (Fig. 3A). Since geranylated trypto-
phan residue was labile to heat, the yield was slightly decreased
after 4 h. Therefore, we concluded that 2 h is the optimum reaction
time. To determine the pH preference of ComQRO-E-2, reaction mix-
tures were incubated at various pH (7.5–10.0), and geranylated
peptides were detected in high yield in the range of pH 8.0–9.5
(Fig. 3B). Therefore, the optimum pH of ComQRO-E-2 was in a broad
range between 8.0 and 9.5. To determine the optimum reactionsame way as described in the Materials and methods except reaction time (0.25, 0.5,
vitro geranylation was performed in the same way as described in the Materials and
ed in 50 mM HEPES–NaOH (pH 7.5, 8.0) or TAPS–NaOH (pH 8.5) or CHES–NaOH (pH
2–58]ComXRO-E-2 pheromone. In vitro geranylation was performed in the same way
pH in reaction mixture. Reaction mixture was incubated at 25, 30, 35, 37, 40, 45, or
omQRO-E-2. In vitro geranylation was performed as described in the Materials and
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atures (25, 30, 35, 37, 40, 45, 50 C), geranylated peptides were de-
tected in high yield in the range of 30–45 C, and the maximum
was at 37 C (Fig. 3C). Thus, the optimum temperature of ComQ-
RO-E-2 was around 37 C. From these results, we concluded that
optimum enzymatic reaction conditions were 2 h, pH 8.5, 37 C,
and performed subsequent experiments under such conditions.
Under optimum conditions, the yield of [52–58]ComXRO-E-2 phero-
mone was approximately 30% from [1–58]ComXRO-E-2 pheromone.
To investigate the metal ion requirement of ComQRO-E-2, reac-
tion mixtures were incubated in the presence of various metal ions
(magnesium ion and zinc ion, magnesium ion, zinc ion, no metal
ion) (Fig. 3D). As a result, the yield of geranylated peptide was dra-
matically reduced in the absence of magnesium ion. Thus, magne-
sium ion was important for the enzymatic activity of ComQRO-E-2,
which corresponded with previous reports [10,27]. Furthermore,
geranylated peptide was not detected at all by the addition of
EDTA, which also indicated that ComQRO-E-2 was metalloenzyme.
On the contrary, the yield of geranylated peptide did not diminish
at all in the absence of zinc ion. In addition, the yield of geranylated
peptide has declined slightly in the presence of zinc ion, suggested
the possibility that competitive inhibition by zinc ions. However,
Competitive inhibition assay indicated zinc ion and magnesium
ion were not competitive inhibitors (Fig. S2). Previous reports indi-
cated that RabGGTase required not zinc ion but magnesium ion for
enzymatic activity [30]. In contrast, zinc ion is essential for the
enzymatic activity of CaaX prenyltransferase [31–33]. Therefore,
ComQRO-E-2 is more similar to RabGGTase than CaaX prenyltrans-
ferase in terms of the metal ion requirement.
4. Conclusion
In conclusion, we produced recombinant E. coli overexpressing
ComQRO-E-2 and prepared crude ComQRO-E-2. We established a
cell-free system, whereby the tryptophan residue in peptides is
modiﬁed with a geranyl group by a crude ComQRO-E-2 enzyme. This
is the ﬁrst report of in vitro geranylation of the tryptophan residue.
In addition, we investigated enzymatic reaction conditions using
an in vitro enzyme reaction system. Under optimum conditions,
the yield of [52–58]ComXRO-E-2 pheromone was approximately
30% from [1–58]ComXRO-E-2 pheromone. We will deduce important
sequences for geranylation by in vitro enzyme reaction using trun-
cated and substituted ComXRO-E-2 pheromone precursors. The pre-
nylation on the tryptophan residue and cysteine residue plays an
important role in function and localization. Thus, we are certain
that elucidating an important sequence for geranylation will lead
to the discovery of an unknown functional protein and expand cur-
rent knowledge of prenylated peptides and proteins.
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